Journal of Magnetism and Magnetic Materials 540 (2021) 168481

Contents lists available at ScienceDirect

Journal of Magnetism and Magnetic Materials

journal homepage: www.elsevier.com/locate/jmmm

ELSEVIER

Check for

The key role of reaction temperature on a polyol synthesis of e
water-dispersible iron oxide nanoparticles

Pohlee Cheah?, Jing Qu?, Yu Li", Dongmei Cao ", Xianchun Zhu®, Yongfeng Zhao "

2 Department of Chemistry, Physics and Atmospheric Science, Jackson State University, Jackson, MS 39217, USA
b Material Characterization Center, Louisiana State University, Baton Rouge, LA 70803, USA

ARTICLE INFO ABSTRACT

Keywords: The controlled synthesis of water-dispersible iron oxide nanoparticles is essential for biomedical application. For

Iron oxide nanoparticle the continuous growth of iron oxide nanoparticles in polyols, it is still unclear how the temperature will affect the

ge;npframre controlled synthesis of water-dispersible iron oxide nanoparticles. This work studies the role of reaction tem-
olyols

perature on the continuous growth of water-dispersible iron oxide nanoparticles in diethylene glycol (DEG). At
the temperature of 235 °C and below, the nanoparticle size increases with the increase of temperature. These
nanoparticles are highly water dispersible. Interestingly, with the further increase of temperature to the boiling
point of DEG (245 °C), precipitations are produced during the reaction. The resulted nanoparticles are not stable
in an aqueous solution anymore. X-ray Photoelectron Spectroscopy (XPS) analysis is employed to study the
surface changes of nanoparticles prepared at different temperatures. The size, crystal structure, and magnetic
properties of these nanoparticles are characterized by TEM, DLS, XRD, XPS, FTIR, and SQUID magnetometry. The
crystallite sizes from XRD match very well with those by TEM. The nanoparticles consist of a single-grain
domain. The crystal structure of the nanoparticles exhibits a magnetite phase. The magnetization properties
are studied for the nanoparticle synthesized at different reaction temperatures. The water-dispersible nano-
particles can be used for potential magnetic resonance imaging which is indicated by their transverse (r3) and
longitudinal relaxivities (r1). The relaxivity properties are consistent with the size of nanoparticles prepared at
various temperatures.

Water soluble
Magnetic property
Thermal decomposition

1. Introduction and narrow size distributions [17-18]. The disadvantage is that these

nanoparticles required extra treatment or a post-synthesis ligand ex-

Magnetic iron oxide nanoparticles emerge as a prominent materials
due to their tunable magnetic properties and excellent biocompatibility
[1,2]. Their broad applications in biomedicine include magnetic sepa-
ration, drug delivery, biomedical imaging, and magnetic hyperthermia
therapy [3-5]. The physicochemical properties such as size and water
solubility of iron oxide nanoparticles are crucial in realizing these end
applications. To date, several synthesis methods for iron oxide nano-
particles have been reported, such as coprecipitation [6,7], sonochem-
istry [8-10], microemulsion [11], hydrothermal [12-14], and polyol
method [15,16]. It is the ultimate goal and remains a challenge to
synthesize iron oxide nanoparticles with precisely controlled size and
high water solubility.

Thermal decomposition of iron precursors in organic solvents with
high boiling points has been the most widely used method to synthesize
iron oxide nanoparticles with well-controlled sizes, high crystallinity,
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change process to acquire water dispersity. The surface modification
process is proven to be time-consuming and sophisticated in practice
[19-20]. Recently, thermal decomposition of iron precursor in polyol
solvents has been receiving great attention due to the facile strategy in
synthesizing water-soluble superparamagnetic iron oxide nanoparticles
in one step [21-24]. The choice of solvents includes ethylene glycol
(EG), diethylene glycol (DEG), triethylene glycol (TREG), tetraethylene
glycol (TEG), or short-chain polyethylene glycol.

As an important reaction parameter, the reaction temperature has
been reported to affect the size of nanoparticles. In general, the size of
nanoparticles increases with an increase in reaction temperature due to
the high growth rate [25-29]. A majority of these studies on tempera-
ture were conducted on the synthesis of iron oxide nanoparticles in
organic solvents system [30,31] or with the involvement of surface
coating materials [25,29]. A few studies were conducted to study the
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effect of temperature on the thermal decomposition method in polyols
systems.

Wan et al. [15] studied the thermal decomposition of Fe(acac)s in
different polyols solvents. They found that iron oxide nanoparticles
would aggregate, and size distribution was broad when the reaction was
conducted in DEG. The synthesis in TREG would lead to non-aggregated
monodisperse nanoparticles. Thanh et al. [32] reported the iron oxide
nanoparticles with low polydispersity through a simple polyols synthesis
in high pressure and high temperature. The study confirmed that sol-
vents were critical to obtain high-quality nanoparticles. However, these
reactions were carried out in various solvents with different boiling
points. It was not possible to separate the effect of solvents themselves
from the reaction temperatures [15]. The conclusions from the studies in
polyols systems were rather comprehensive and lack of reproducibility
with a few observed aggregation or instability of nanoparticles product.

We recently reported a continuous growth strategy to synthesize iron
oxide nanoparticles in DEG [21]. The strategy is proven to be facile to
produce highly water-dispersible nanoparticles. Nevertheless, the study
of temperature on the synthesis of iron oxide nanoparticles was not
realized in DEG.

In this work, we will further study the effect of the reaction tem-
peratures on the continuous growth strategy and the water stability of
the nanoparticles. We find that reaction temperature plays a key role in
controlling the size of iron oxide nanoparticles in DEG and affects the
water solubility as well. It has not been reported that the reaction
temperature could affect the stability of iron oxide nanoparticles in
polyol synthesis.

2. Experimental section
2.1. Chemicals and materials

Iron (III) acetylacetonate (Fe(acac)s) > 99.9 %, diethylene glycols
(DEG), were purchased from Sigma-Aldrich (St. Louis, USA). All chem-
icals were used without further purification, Gibco™ phosphate-
buffered saline (PBS) tablets, Milli-Q water was used in this study.

2.2. Methods

The synthesis of iron oxide nanoparticles follows our previous study
[21]. Different reaction temperatures were studied, 190, 220, 235 °C
and reflux temperature (245 °C). Typically, Fe(acac); (88 mg, 0.25
mmol) was mixed and stirred with DEG (2.5 mL, 0.1 mmol Fe/mL) in a
three-necked flask under argon gas exchange to obtain solution A. In
another flask, Fe(acac); (211 mg, 0.6 mmol) was mixed with DEG (6 mL,
0.1 mmol Fe/mL), and the mixture was stirred under argon to obtain
solution B. Both solutions were heated to 120 °C for an hour. Solution B
was kept at 70 °C for later use. Solution A was further heated slowly
(heating rate of 2.5 °C/min) to the desired reaction temperature for 2 h
as the first growth. After that, solution B (2.5 mL, 0.25 mmol) was
subsequently added to react for another 2 h as the second growth. The
addition of solution B continued and react for another 2 h as the third
growth. The procedure was summarized as Scheme 1.

2.3. Characterizations

The core size of the nanoparticles was characterized by using a
transmission electron microscope (TEM) JEOL JEM 1011. The dilute
water dispersion of nanoparticles was cast on an ultrathin 150-mesh
carbon-coated grid and allowed to dry at room temperature. The size
analysis from TEM images was performed using ImageJ software
(Version 1.52a) by first applying the smoothing filter and collecting the
measurement of 100 particles. The data was further fitted by normalized
distribution using OriginPro 2018. The X-ray diffractograms were
collected under a Rigaku MiniFlex 600 X-ray diffractometer (40 kV, 15
mA) using Cu Kp radiation (A = 0.154 nm). The scan degree was from
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Scheme 1. Procedure for the continuous growth of water-dispersible iron oxide
nanoparticles at 190 °C, 220 °C, 235 °C, and reflux temperature (245 °C).

10° to 80°, step degree of 0.01 at the rate of 1° /min. Based on the
strongest peak of (311), the crystal sizes of iron oxide nanoparticles
were calculated according to the Debye-Scherrer equation: Dy = k A/f
cosO. Here Dy is crystallite size parallel to the (hkl) plane, k is a constant
of typical 0.89, 4 is the wavelength of the X-ray source, f is full width at
half maximum (FWHM) of diffraction peak, and 6 is the angle of
diffraction peak. After the purification, nanoparticles were dispersed in
Milli-Q water, and 1x phosphate buffer saline (PBS) solution, and pic-
tures were taken on certain days to observe the stability over time. The
hydrodynamic size was studied with dynamic light scattering (NanoZS,
Malvern, Worcestershire, UK). The magnetic properties were performed
by the superconducting quantum interference device (SQUID, Quantum
Design, MPMS XL). Field cooled (FC) and zero field cooled (ZFC)
magnetization measurements under an applied field of 50 Oe in the
temperature range of 10-300 K were performed as warming up. The
field-dependent magnetization measurements were conducted from
—2.5t0 2.5 T at 10 and 300 K, respectively. The total mass with capping
molecules was used for calculation. The dried pellet of the nanoparticles
was scanned using Perkin Elmer Fourier Transform infrared (FT-IR)
Spectrometer from 400 to 4000 cm ™! with a resolution of 4 cm ™! for 64
scans. The XPS measurements were carried out using a ScientaOmicron
ESCA 2SR X-ray Photoelectron Spectroscope System equipped with a
flood source neutralizer. Samples were loaded into the loadlock and
pumped until the vacuum was below 5 x 10”7 mBar before they were
transferred into the sample analysis chamber. All analyses were carried
out with a Mono Al Ka X-ray source (1486.6 eV) at the power of 450 W,
and the pressure in the analysis chamber was maintained below 3 x
10~° mbar. Both a survey scan and high-resolution core level region scan
of each element for all samples were recorded and calibrated with the
C-C bond of C 1s peak at 284.8 eV. The core level spectra were also
deconvoluted to obtain chemical state information. The atomic per-
centages were calculated based on the integrated area of each element.
The sensitivity factor of each element was taken into consideration. T;
and T relaxation times of a series of nanoparticles in water dispersion of
different iron concentrations were measured by Niumag 0.5 T relax-
ometer at 32 °C with parameters of SF, 18 MHz; TW, 8000 ms; SW, 200
kHz; RG, 20 db; DRG1, 3. NMR Analyzing Software Ver. 4.0 was used to
compute for T; and T,. The specific relaxivities of r; and ry for each
nanoparticle were computed by taking the linear slope of 1/T; (or 1/T5)
versus Fe concentration. T1- and Ts-weighted phantom images were
acquired with a spin-echo (SE) sequence: TR/TE = 500/20 ms (T7), TR/
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TE = 5000/100 ms (T5), matrices = 128 x 128, thickness = 0.8 mm,
slice = 1. The iron concentration was analyzed with an inductively
coupled plasma mass spectrometer (ICP-MS) (Varian 820).

3. Results and discussions
3.1. Synthesis of water-dispersible nanoparticles in different temperatures.

To study the temperature effect on the iron oxide nanoparticles
synthesis, we synthesized iron oxide nanoparticles at different reaction
temperatures using the continuous growth method [21]. The decom-
position temperature of Fe(acac)s is 186 °C [33]. At the reaction tem-
perature of 190 °C, the nanoparticles start to form. The sizes of
nanoparticles are 3.0 £ 0.8, 4.8 + 0.9, and 5.7 + 0.8 nm for three
continuous growth (Fig. 1a, b, c). The size of nanoparticles increases as
the precursors are added, which is consistent with the previously re-
ported work [21,34]. When the temperature is raised to 220 °C, the sizes
of iron oxide nanoparticles are 4.4 + 0.6, 7.1 + 1.0, and 8.6 £+ 1.4 nm
respectively, increasing as we add precursors to three consecutive
growth (Fig. 1d, e, & f). The sizes are 5.3 + 0.9, 7.4 + 1.2, and 10.9 +
1.6 nm as the temperature is increased to 235 °C (Fig. 1g, h, & i). At each
consecutive growth, we observe that the size is obviously larger at a
higher reaction temperature. The plots of the corresponding particle size
distribution (PSD) confirm that the size increase with the addition of
precursor and the size distributions are narrow (Fig. S1). The increase of
size at higher temperatures is probably due to the higher growth rate. As
described in the classical Lamer mechanism for nanoparticle synthesis,
higher temperature led to a higher nucleation rate [35]. As a result, a
relatively less amount of nanoparticle seeds is generated at a higher
temperature. A larger size will be produced with the same amount of
precursor.

To exclude the time effect on the synthesis of iron oxide nano-
particles, we studied the size in a prolonged time of 6 h without the
addition of precursor at different temperatures. According to XRD

190 °C

1st- growth

2nd. growth

3rd. growth

220 °C
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(Fig. S2), the nanoparticles can form after 0.5 h, and the diffraction
peaks are constant after 2 h. The result demonstrates that the size of
nanoparticles will not change after 2 h if no precursor is added at
different temperatures.

Often time high reaction temperature was employed to achieve high
efficiency growth. A boiling point is commonly utilized to synthesize
iron oxide nanoparticles because the temperature can be easily
controlled. Interestingly, when the temperature is raised further to the
boiling point of DEG (245 °C), we observe the precipitate during the
reaction (Fig. 2a). The nanoparticles do not disperse well in water after
purification and precipitate immediately (Fig. 2b). In addition, we find
the aggregate of nanoparticles under TEM (Fig. 2c).

As a comparison, all nanoparticles from three-consecutive growth at
190, 220, and 235 °C exhibit excellent dispersibility in the aqueous
solution for up to 30 days (Fig. 3a, b & c). In a previous study, we showed
that the surface ligands on the nanoparticles were DEG which rendered
the high colloidal stability of nanoparticles in aqueous solution as evi-
denced by zeta potential, FTIR, XPS, and TGA measurements [21].

The aggregation of nanoparticles at reflux temperature is likely
because the higher reaction temperature leads to uncontrolled fast
nucleation and growth of nanoparticles. In addition, the DEG ligands on
the surface may be stripped off and induce the aggregation of nano-
particles [36]. The result may explain the unsuccessful synthesis of iron
oxide nanoparticles in polyols with the aggregation in previous studies
[15,32]. We will further explore the possible mechanism for the pre-
cipitation below.

3.2. Surface properties

To explain the low water stability of iron oxide nanoparticles at high
temperatures, we studied the surface properties of nanoparticles syn-
thesized at 190, 235 °C, and boiling point (245 °C). The XPS peak
deconvolution of Fe 2p, O 1s, and C 1s is compared. In general, Fe 2p can
be fitted into Fe 2p;,» (—~723 eV) and Fe 2ps,2 (~710 eV) envelope,

235 °C

Fig. 1. TEM images of nanoparticles with three consecutive growth at 190 °C (a, b, & ¢), 220 °C (d, e, & f), and 235 °C (g, h, & i). The scale bar is 50 nm.
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Fig. 2. The synthesis of iron oxide nanoparticles at the boiling point of diethylene glycol (245 °C): (a) Photographs showing nanoparticles attached to the wall of the
reaction flask; (b) the instant precipitation of nanoparticles in water dispersion after purification, and (c) TEM of nanoparticles synthesized at reflux temperature.
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Fig. 3. Photographs of nanoparticles dispersion in water (after 30 days) for three consecutive growth nanoparticles synthesized at (a) 190 °C, (b) 220 °C, and

(c) 235 °C.

confirming the presence of Fe?* and Fe>* in the magnetite (Fe30,) phase
(Fig. 4a, d, and g) [21,37-40]. High resolution O 1s spectrum is well
fitted into 3 peaks for lattice oxygen of Fe-O in magnetite Fe304 at ~529
eV, monodentate oxygen moiety (C-O) at ~530 eV, and bidentate
carboxylate moiety (O=C-O) at ~532 eV (Fig. 4b, e, and h) [39,41]. In
the C 1s spectrum (Fig. 4c, f, and i), we assign the peaks for alkyl carbon
bond (C-C) at 284.7 eV, (C-O) at 285.4 eV and the carboxylate moiety
(0-C=0) at 287.5 eV [41,42]. Detailed analysis of O 1s and C 1s and
corresponding peaks are listed in Table S1.

In the wide scan survey (Fig. 5a), we notice a relatively high carbon
peak for iron oxide nanoparticles prepared at boiling points (245 °C)
comparing to those synthesized at 190 and 235 °C. The atomic ratios (O/
Fe, C/Fe, and O/C) of these samples are calculated according to the
integrated area of corresponding peaks from high resolution spectra. As
shown in Fig. 5b, the elemental composition shows no obvious differ-
ence between the nanoparticles synthesized at 190 and 235 °C, while the
precipitates obtained at reflux temperature exhibit significantly high
hydrocarbon (C and 0).

FTIR for iron oxide nanoparticles synthesized at 190 °C and 235 °C
present the similar characteristic peaks at 1060 cm ™!, 1120 cm ™! and
2950 cm ™! attributed to C-O and C-H vibration of DEG (Fig. 5¢) [43,44].
The broad absorption at 3150 ecm ™! corresponds to the O-H stretching
from both DEG and adsorbed water. Strong absorption peak at 550 cm ™
is contributed by the Fe-O vibration [45]. Carboxylate groups are pre-
sented at 1430 cm ™! and 1616 cm™! corresponding to symmetric and
asymmetric COO- stretching [37,46,47]. Iron oxide nanoparticles syn-
thesized at reflux (245 °C) samples on the other hand gives very strong
and defined C-H at 3070 cm™! and 2950 cm™!, while Fe-O peak is
greatly diminished. This indicated that there is an increase of hydro-
carbon content in the reflux samples which is consistent with the XPS
results.

Previously, metallic iron passivated in tetraethylene glycol was re-
ported to have high hydrocarbon content and loss of functionality from

the XPS spectra, indicating the thermal degradation of polyol during the
passivation reaction [48]. Costa et al. proposed that metal complex with
the oxygen atoms of the polyethylene oxide backbone weakened the C-O
bond and reduced its thermal stability in a nitrogen environment [49].
As for our case, the reaction of iron precursors in DEG solvent at very
high temperature such as reflux temperature may cause DEG to degrade
into oxidized organic species (high hydrocarbon content). The DEG on
the surface might lose the stabilizing capability and result in precipita-
tion and aggregation.

3.3. The crystal structure of iron oxide nanoparticles.

The X-ray diffraction (XRD) patterns are measured for the nano-
particles prepared from three consecutive growth at 190, 220, and
235 °C (Fig. 6). The XRD patterns of all nanoparticles are indexed as the
standard bulk phase of the spinel iron oxide structure [27,37,50,51].
With increasing reaction temperature at each consecutive growth, the
peaks of XRD become sharper and more intense, which implies the in-
crease in nanoparticles size or growth of the crystal grain. The maghe-
mite (y-FexO3) and magnetite (Fe30y4) are difficult to elucidate with XRD
in our case as both have only a subtle difference.

Crystallite size (Dp) calculated by the Debye-Scherrer equation
further confirms the size growth with increasing temperature at each
consecutive growth. At all temperatures, the calculated D, sizes are very
close to those measured by TEM for each corresponding nanoparticle
(Table S2). The results indicate that the nanoparticles are made from
single domains, consistent with a continuous growth mechanism.

3.4. Magnetization property

We studied the effect of synthetic temperature on magnetic proper-
ties. To comparison, the nanoparticles with a similar size (~5 nm)
synthesized at 190 °C (4.8 £+ 0.9 nm) and 235 °C (4.5 + 0.7 nm) were
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Fig. 4. XPS (Fe 2p, O 1s, and C 1s) for 5 nm nanoparticles synthesized at (a, b, & ¢) 190 °C, (d, e, & f) 235 °C, and (g, h, & i) precipitate obtained from reflux (245 °C).

studied. At 300 K, both nanoparticles exhibit superparamagnetic
behavior with no remanence or coercivity observed in the hysteresis
loops (Fig. 7a). The saturation magnetizations (M) for these nano-
particles at 300 K are 53.6 and 55.3 emu/g for nanoparticles synthesized
at 190 and 235 °C, respectively. These M; values are very close to the
reported value of 51 emu/g for ~5 nm magnetite nanoparticles prepared
by thermal decomposition of Fe(acac)s in phenyl ether and oleylamine
[28]. In the hysteresis loops at 10 K, both nanoparticles display para-
magnetic behavior with an estimated remanence of 10.3 emu/g and
coercivity of 133.6 Oe (Fig. 7b). The M; at 10 K is found to be 69.3 and
71.1 emu/g for nanoparticles synthesized at 190 and 235 °C, respec-
tively. Although the size prepared at 190 °C is slightly higher, the
saturate magnetism is slightly lower, indicating a better crystal structure
at a higher temperature. It was reported that higher reaction tempera-
ture might form nanoparticles with higher crystallinity and result in a
higher magnitude of M; [28]. In this study, the difference in magnetic
property is small. The magnetic properties are almost the same as long as
the size is close. It is noted that the nanoparticles synthesized at 190 °C
are obtained from the second growth, and the nanoparticles at 235 °C
are from the first growth. The magnetic property implies the unique
reaction mechanism of continuous growth in polyols. A high crystal-
linity is obtained at a lower temperature, which is comparable to a high
temperature. The reaction temperature, size, and saturation magneti-
zation (M) are summarized in Table S3.

3.5. Magnetic resonance properties of iron oxide nanoparticles
synthesized at different temperatures.

In order to demonstrate the ability to customize these nanoparticles
as the MRI contrast agents, we measured the longitudinal relaxivity (1)
and transverse relaxivity (rp) at 0.5 T. The inverses of relaxation times
(1/T; or 1/T,) are plotted against different iron concentrations. As
shown in the typical plots for nanoparticles prepared at 235 °C, a linear
relationship is derived. (Fig. 8a and Fig. 8b). The relaxivities (r; or rp)
are calculated from the slopes.

MR phantom images demonstrate that the nanoparticles can be used
as both T; and T, contrast agents. The typical To-weighed MR phantom
images of the nanoparticles with different sizes are shown in Fig. 8c. The
nanoparticles are efficient To-weighed contrast agents as the images of
the nanoparticles tend to be darker with increasing iron concentration.
In addition, the larger nanoparticles exhibit a more significant reduction
in Ty relaxation time. As displayed in Fig. 8d, the T;-weighed MR images
of the samples tend to be brighter with increasing iron concentration,
indicating that the nanoparticles as positive contrast agents can effec-
tively reduce the spin-lattice relaxation time of water protons.
Furthermore, small-sized nanoparticles exhibited a more significant
reduction in T, relaxation time, as shown by the much brighter images at
the designated Fe concentrations.

The r; and rp of nanoparticles from continuous growth at different
temperatures are calculated (Table 1). At a given temperature, the r; and
ry increase with continuous growth from the first growth to the third
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images for nanoparticles synthesized at 235 °C.

Table 1
Summary of ry, 1, and ry/r; of nanoparticles from three consecutive growth
synthesized at 190 °C, 220 °C, and 235 °C.

1.1 1.1

ro, mM s r, mM s ro/m

1st growth 190 °C 18.9 16.8 1.12
220 °C 30.9 28.1 1.10

235°C 46.9 41.0 1.14

2nd growth 190 °C 52.1 49.5 1.05
220 °C 90.6 78.3 1.16

235°C 135.4 112.2 1.21

3rd growth 190 °C 78.3 76.2 1.03
220 °C 145.5 132.3 1.10

235°C 163.4 135.0 1.21

growth. With the increase of reaction temperature, a higher ro or r; value
will be obtained at the same consecutive growth stage, which is
consistent with the size growth as measured by the TEM and XRD
(Table S2). For example, the third consecutive growth of nanoparticles
at 235 °C produced nanoparticles with size 10.9 + 1.6 nm, reported to
have relatively high relaxivities with ry of 163.4 mM 's™! and r; of
135.0 mM~'s~l. There are many studies on the relationship between
nanoparticle size and relaxivities (r; and r7) [19,52,53]. The well cor-
relation of size and relaxivity in this study demonstrates that the
continuous growth at different temperatures can be used to tune the size
and relaxivities precisely according to different applications. The MR
contrast agent with enhanced ry or r; values can greatly improve the
sensitivity.

4. Conclusions

In conclusion, we studied the essential role of the reaction temper-
ature in the continuous growth of water-dispersible iron oxide nano-
particles in DEG. The nanoparticles are highly water dispersible when
the reaction temperatures are 190, 220, and 235 °C. Larger nano-
particles can be obtained with the increase of the temperature. However,
the synthesis of iron oxide nanoparticles at reflux temperature (245 °C)
results in aggregations and precipitation. The XPS and FTIR analysis

reveals that nanoparticle precipitation is associated with high carbon
concentration, which may indicate the decomposition of DEG. This
study shows that size-controlled water-dispersible iron oxide nano-
particles can be prepared by the continuous growth method if the
temperatures are controlled at 235 °C and below. The result provides
insight into why aggregation was observed in literature for polyols
synthesis. The nanoparticles consist of a single-grain domain as shown in
TEM and XRD. The crystal structure of the nanoparticles exhibits a
magnetite phase. The magnetic properties are largely affected by size,
which can be tuned by the reaction temperature. The relaxivity prop-
erties are well correlated with the size of nanoparticles prepared at
various temperatures. This work demonstrated the possibility of tuning
the physicochemical properties of iron oxide nanoparticles for specific
applications via the reaction temperatures of continuous growth in DEG.
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